The results of an open-label, randomized, Phase III trial of r-methionyl human granulocyte-colony-stimulating factor (r-metHuG-CSF) in 41 patients with severe chronic neutropenia (SCN) are reported. Patients with diagnoses of congenital, cyclic, and idiopathic neutro~nia, with histories of recurrent infections, were evaluated. The primary objective of the trial was to evaluate the ability of r-metHuG-CSF to increase the ANC to >1500/mm3. A secondary objective was to evaluate variables associated with infection-related morbidity in SCN. r-metHuG-CSF treatment consisted of 1 month of dose titration followed by 4 months of treatment at an optimal dose. Patients were randomized to either immediate treatment with r-metHuG-CSF (Group A) or four months of obse~ation followed by r-metHuG-CSF treatment (Group B). r-metHuG-CSF was administered by daily, subcutaneous injection with initial doses of 3 to 10 pgikgl day. Forty of 41 patients who received r-metHuG-CSF had a complete response (median ANC >1500/mm3 during 4 months of r-metHuG-CSF treatment). All cases of gingivitis and severe mouth ulcers resolved upon treatment with r-met&G-CSF. Serious infections were also eliminated. Only one patient failed to show clinical improvement in response to r-metHuG-CSF treatment. Adverse reactions during the tlrst 5 months of treatment were mild. Spienomegaly (mild) was noted in some patients. The administration of r-metHuG-CSF in patients with SCN significantly increased the ANC (P < 0.001) and was accompanied by a marked reduction in infectious complications. 0 1992 Academic press, Inc.
INTRODUCTION
The myeloid growth factors are glycoprotein hormones that regulate the proliferation and differentiation of myeloid progenitor cells and the function of mature blood cells (1). Several of these factors have been molecularly characterized and produced for clinical appliction via recombinant DNA technology. In particu-' Presented as part of a symposium entitled "Future Directions of Cytokine and Immunoglobulin Therapy," January ll-12,1991, Tueson, AZ.
' To whom correspondence should be addressed at Pediatric Hematology/Oncology, C. S. Mott Children's Hospital, Room F 6515, Box 0238, 1500 E. Medical Center Drive, Ann Arbor, MI 48109. lar granulocyt+macrophage colony-stimulating factor (GM-CSF), granulocyte-colony-stimulating factor (G-CSF), macrophage-colony-stimulating factor (M-CSF), and interleukin-3 (IL-3) have been developed as potential therapeutic agents, and their effects on myelopoiesis and mature blood cell function are currently under active investigation.
The major cellular sources of the myeloid-eolonystimulating factors are T lymphocytes, monocytes, macrophages, endothelial cells, and fibroblasts (Table  1) (2, 3) . GM-CSF is produced by each of these sources only after cell activation (4). Similarly, G-CSF is produced by mononuclear cells in increased amounts along with interleukin-2 (IL-2) and tumor necrosis factor (TNF) following cell activation. IL-3 and TNF also induce fibroblasts and endothelial cells to produce G-CSF (5, 6). Unlike GM-CSF, G-CSF levels circulate in the plasma in acute infection which may lead to an increase in the absolute neutrophil count (ANC) (7). IL-3 is produced almost exclusively by activated T cells. M-CSF is constitutively produced by many cells and circulates in plasma in detectable concentrations sutlicient for humoral action (8). Because the CSFs can activate macrophages, the elaboration of one hematopoietic growth factor can lead to the production of others (9). The precise roles of the myeloid-colonystimulating factors in the physiologic regulation of steady-state myelopoiesis have not been fully ascertained, but during infection circulating G-CSF may contribute to elevating the ANC (10).
The biologic effects of the colony-stimulating factors are mediated via binding to high-affinity specific receptors on the surface of target cells which include the myeloid precursor cells (Tables 1 and 2 ). The overlap in action of GM-CSF and IL-3 is paralleled by an overlap in the expression of the different receptors on target cells. Low numbers of high-and low-affinity GM-CSF receptors are expressed by neutrophils, eosinophils, and monocytes (Table 1) (11, 12) . High-affinity receptors for IL-3 are present on eosinophils, basophils, and monocytes but not on neutrophils (13, 14) . Thus, these two factors have pleotropic effects in terms of stimulating multiple cell lineages. In contrast, high-affinity In November of 1988 we began an open-label, randomized Phase III trial of r-methionyl human granulocyte-colony-stimulating factor (r-metHuG-CSF) in which 41 patients with severe chronic neutropenia were enrolled at the University of Michigan as part of a larger national study. Patients with diagnoses of congenital, cyclic, and idiopathic neutropenia with histories of recurrent infections were evaluated. Forty-one such patients had a prestudy ANC of <500/mm3. The primary objective of the trial was to evaluate the ability of this G-CSF to increase the ANC to >1500/mm3. G-CSF treatment consisted of 1 month of dose titration followed by 4 months of treatment at an optimal dose. Patients were randomized to either immediate treatment with G-CSF or 4 months of observation consisting of daily documentation of fevers, infections, and antibiotic usage followed by G-CSF treatment.
To understand the benefits of treatment it is necessary to review aspects of the pathophysiology of each of the three disease categories.
CYCLICNEUTROPENIA
Cyclic neutropenia is estimated to affect approximately 300 to 400 patients in the United States. It is characterized by regularly recurrent episodes of severe neutropenia (Tables 3 and 4 ). These episodes occur approximately every 18 to 21 days and last 6 to 10 days (30). At the nadir circulating neutrophil counts typically fall below 200/mm3. Blood lymphocytes and platelets frequently cycle from normal to above-normal levels, whereas monocytes and reticulocytes cycle from above-normal to below-normal levels. The blood monocyte count is typically elevated at the nadir of the neutrophil count.
Cyclic neutropenia remains a disorder of uncertain etiology. It occurs with increased frequency among family members. Approximately one-half of the patients have a family history in which autosomal dominant inheritance can be documented. The cycling of neutrophils is accompanied by cycling of other cellular elements, especially the monocytes (30). The monocyte cycles are opposite to neutrophil cycles, with low neutrophil counts being accompanied by high monocyte counts. The bone marrow exhibits a period of intense myelopoiesis that begins with the period of neutropenia in which there appears to be an arrest at the promyelocyte or myelocyte stage. In about 8 to 10 days, a high proportion of mature neutrophils and a paucity of early neutrophil precursors are noted, suggesting the operation of a regulatory negative feedback loop (31 such as GM-CSF and G-CSF, and the hematopoietic microenvironmental substructure including the extracellular matrix components. In addition, the production on a cyclical basis of an inhibitor of ~anulopoiesis could account for periodic oscillations in the blood neutrophil count. Sequential bone marrow morphologic changes in patients with cyclic neutropenia and findings after bone marrow transplantation both in humans and in grey collie dogs are consistent with the presence of a defect in granulopoietic progenitor cells (32). Although the pathophysiology is not clear-cut for most cases of cyclic neutropenia, accumulating evidence indicates that the defect lies either in altered sensitivity of myeloid progenitor cells to growth factors or in defective regulation of granulopoiesis by accessory cells.
The onset of cyclic neutropenia occurs early in childhood; more than half the cases are diagnosed by the age of 5. Recurrent episodes of neutropenia are noted every 18 to 20 days. As the neutrophil count begins to fall, patients often note anorexia and malaise. Initially, during the first 1 to 3 days of neutropenic episodes, the patients are listless and irritable and may exhibit lowgrade fever, swelling of the lips, and pallor as the neutrophil count reaches its nadir. During the next phase of 1 to 3 days, aphthous ulcers of the buccal mucosa, lips, tongue, and pharynx develop, often accompanied by tender cervical adenopathy. During the neutropenic period, skin infections often occur and infections of a superficial cut or abrasion with or without lymphangitis are noted. Chronic gingivitis and dental caries are common. Subcutaneous abscesses may occur in the neck, axilla, or groin with associated suppurative lymphangitis. Pneumonia with or without abscess formation is noted occasionally. Abdominal pain associated with diarrhea sometimes occurs during the neutropenic episodes and warrants attention because of the possibility that it portends underlying mucosal injury with the possibility of resultant bacteremia secondary to Clostridium infection and peritonitis.
The clinical course of a given patient may vary considerably despite continued cycling of the neutrophil count. Over time some patients may progress toward milder forms of the illness or develop a more sustained chronic neutropenia. In order to establish the diagnosis, serial blood counts with white blood cell differential counts are essential. Usually these should be obtained two to three times weekly for 8 weeks in order to confirm the neutrophil cycling at 18-to 20-day intervals.
Bone marrow aspiration produces varying results depending on the time of the cycle at which the aspirate is obtained.
Until recently most treatment efforts either failed or were at best marginally successful. These included splenectomy, hormone injections, and nutritional supplements. Certain therapies have produced some amelioration of the condition in adults. Treatment with corticosteroids, especially on an alternate day schedule, has been noted to alleviate symptoms for some patients (32); however, in only one patient have steroids completely obliterated the cycling (33). In contrast, in our study when G-CSF was administered subcutaneously at 5 kg/kg in patients with cyclic neutropenia, marked benefit was noted. The cycle length was reduced from 18-20 days to 11-13 days (Tables 3 and  4 In contrast to those patients with chronic benign neutro-s43 penia, patients with symptomatic infectious complications fail to raise their circulating neutrophil count when challenged with intravenous corticosteroids.
In this heterogeneous group of patients, the most promising medical therapy is the employment of G-CSF to promote granulopoiesis, thereby elevating the circulating neutrophil count. It appears that most patients with severe chronic neutrophenia will respond to G-CSF with a dramatic rise in the peripheral neutrophil count. Administration of 3-5 pg/kg of G-CSF once per day subcutaneously is often sufficient to raise the circulating neutrophil count. In our own series, two patients with large granular lymphocyte-mediated neutropenia with evidence of monoclonal T-cell gene rearrangement responded to the administration of G-CSF in spite of demonstrable suppressor activity in vitro to CFU-GM development by their peripheral blood T l~phocy~s.
In contrast, the only patient in our series who failed to respond with a normalization of circulating neutrophils was an adolescent who developed large granular lymphoc~e-mediated neutropenia following a bout with infectious mononucleosis. The latter patient had evidence of a polyclonal T-cell gene rearrangement in her circulating T lymphocytes. Of interest, one patient with congenital agammaglobulinemia developed severe chronic neutropenia at age 5. Amelioration of his recurrent infections was accomplished by the administration of both intravenous immune globulin and G-CSF with restoration of normal IgG levels and circulating neutrophil counts, respectively.
SEVERECONGENITALAGRANULOCYTOSIS
Initially described in Sweden by Kostmann in 1956, infantile genetic agranulocytosis was characterized by severe neutropenia at birth, frequent infections, increased risk of early death, and an autosomal recessive inheritance (40) . In the United States, it is highly unusual to have more than one affected sibling with the disorder and thus inheritance appears to be sporadic. It is characterized by an ANC! usually ~200/mm3, arrest of the bone marrow myeloid cells at the promyelocytemyelocyte stage, and early onset of bacterial infections within the first month of life. It represents a unique subset of the congenital forms of neutropenia in which clinical onset of infection is frequently later than the first few months of life and bone marrow arrest at the promyelocyte stage is unusual. The prevalence of severe congenital a~anuloc~osis in the United States, based on our experience in Michigan, is 300 to 400 patients. Most troublesome to the patients is the development of chronic gingivitis and the loss of teeth if the patients survive into adolescence. These patients are the most severely affected in terms of their propensity to develop recurrent infections of mucous membranes and gums at an early age. Skin infections and the development of deep-seated abscesses, such as in the liver, and recurrent pneumonias are common problems Frequently these patients will develop bronchiectasis which in the past has led to pneumonectomy. Often this was a fatal disorder with death occurring within the first two decades of life.
On bone marrow examination the aspirate reveals arrest at the promyelocyte-myelocyte stage of development with increased numbers of eosinophils, lymphocytes, plasma cells, and monocytes noted. Little is known about the pathophysiology of this disorder. However, recent evidence would suggest that the abnormality may reside in G-CSF receptors or alternatively in receptor coupling leading to functional responses. Review of our own patients' histories indicates that at times of severe infections, such as lobar pneumonia or hepatic abscesses, the patients are able to transiently normalize their circulating neutrophil counts. Indeed in one of our patients with a documented liver abscess at the time of presentation we found elevated levels of G-CSF (500 pglml). Normally circulating G-CSF is not found in the serum of these patients. Additionally, we have observed that, upon addition of IL-l to bone marrow fibroblasts derived from these patients, G-CSF is released into the supernatant. These studies indicate that patients are able to make G-CSF and suggest that the defect is not a lack of this growth factor but again may reside with abnormalities of its cell surface receptor. Further evidence supporting this hypothesis is provided by the observation that, when circulating neutrophils are produced following the administration of G-CSF to these patients, the cells are lacking normal amounts of the CR3 receptor and the FcRIII receptor (27). These studies again suggest abnormalities present in the membrane of the neutrophils of severe congenital agranulocytic patients.
Treatment of severe congenital neutropenia with 10 p.g/kg of G-CSF subcutaneously daily corrects the neutropenia and decreases the occurrence of acute infections. A~inistration of G-CSF leads to maturation of the postmitotic pool, increased numbers of neutrophils, and increased cellularity of the bone marrow (Fig. 1) . Treatment is also associated with marked improvement in dental hygiene, including elimination of gingivitis, aphthous ulcers, and bleeding gums (27 patients with documented liver abscesses, restoration of the circulating neutrophil count leads to resolution of the liver abscesses. Again, these studies would suggest that the neutrophils are sufficiently functional in severe congenital agranulocytosis to protect the host.
CONCLUSION
Similar to the patients with cyclic neutropenia, patients with severe congenital agranulocytosis fail to respond with an increase in their ANC but develop eosinophilia and monocytosis following the administration of GM-CSF (41, 421 . Often the untoward rise in monocyte count and eosinophil count following GM-CSF administration is accompanied by fever and capillary leak syndrome (e.g., pericardial
and pleural effusion and ascites). However, these same patients will respond to G-CSF administration.
The primary toxicities associated with the administration of G-CSF have been minimal.
Usually many of the patients will develop bone pain, probably secondary to expansion of the bone marrow with the initial administration of the drug. Bone pain responds to antiinflammatory drugs and does not require cessation of treatment.
Other patients have developed morbilliform rashes, secondary thrombocytopenia, or mild splenomegaly.
In those patients who developed thrombocytopenia, cessation of the drug is frequently required, but G-CSF can be administered later. Increased leukocyte alkaline phosphatase levels, serum lactate dehydrogenase levels, and serum uric acid levels have been noted. The benefits of G-CSF therapy are multiple and include fewer infections, less chronic inflammation, more energy and activity, and finally better work and school performance. Without doubt this drug has a most profound effect in improving the life of numerous patients with varying forms of severe chronic neutropenia and warrants use in this group of patients.
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